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Apoptosis plays a crucial role in the sculpture of the mammalian retina during development. However, once the retina is fully differentiated, the
emphasis must shift towards survival and mechanisms have to be put in place to prevent inappropriate cell death. In this study, we identify a
potential control point at the level of mitochondrial permeability. We show that pro-apoptotic Bcl-2 family members known to be involved in the
regulation of permeability transition and physiological cell death in the retina are down regulated during postnatal retinal development. In
addition, we demonstrate an age-dependent susceptibility to retinal cell death induced by various stimuli known to target mitochondrion. These
results potentially explain why retinal cells employ different death pathways depending on their stage of development. In contrast to
developmental apoptosis, pathological retinal cell death in several animal models has been reported to occur independently of caspase activation.
Here, we show that not only is cytochrome c release precluded from degenerating retinas but other pro-death molecules such as Omi/HtrA2 and
AIF also remain in the mitochondrion. Our results indicate that transcriptional regulation of ‘death genes’ such as pro-apoptotic Bcl-2 family
members during retinal development affords protection in adult post-mitotic neurons by preventing execution of the archetypal mitochondrial
death pathway.
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Apoptosis or programmed cell death (PCD) defines a
fundamental physiological process which ensues during
neural development and which is essential for determining
the ultimate numbers of neuronal cells in the mature central
nervous system (Buss and Oppenheim, 2004). During
development, the vertebrate retina undergoes dramatic sculpt-
ing and reorganization, developing from a single layer of
undifferentiated neurons into a multilayered structure of
terminally differentiated cells. Retinal cells, produced inAbbreviations: AIF, apoptosis inducing factor; FITC, fluorescein isothio-
cyanate; GCL, ganglion cell layer; INL, inner nuclear layer; IS, inner segment;
ONL, outer nuclear layer; OS, outer segment.; PBS, phosphate buffered saline;
PCD, programmed cell death; RP, Retinitis Pigmentosa; TdT, terminal
deoxynucleotidyl transferase; TUNEL, Terminal dUTP nick end labeling.
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waves, having failed to establish their appropriate connections
(Penfold and Provis, 1986; Young, 1984). PCD is therefore
crucial for the normal development of the retina. While there
is unequivocal evidence of cell loss during development, the
exact mechanisms of cell death and the pathways employed
by retinal cells are less clear.
Apoptosis is also implicated in the pathogenesis of many
retinal and ocular diseases and as a result, this cell death
programme has become a topic of exponential interest in the
study of optic neuropathies and in retinal degenerations.
Retinitis pigmentosa (RP) is a heterogeneous group of inherited
diseases with characteristic rod and cone photoreceptor
degeneration and consequential visual loss (Kalloniatis and
Fletcher, 2004). The genetic complexity of RP is vast, with a
multitude of genes implicated to date (http://www.sph.uth.tmc.
edu/Retnet/home.htm). Therefore, delineation of the fundamen-
tal mechanisms and control points in photoreceptor apoptosis, a
common final pathway in retinal degenerations, is crucial for
155M. Donovan et al. / Developmental Biology 291 (2006) 154–169the identification of novel and feasible therapeutic targets to
prevent or abate RP.
Mitochondria are central regulators in cell death during
development and under pathological conditions (Danial and
Korsmeyer, 2004; Green and Kroemer, 2004). The mitochon-
drial apoptosis pathway mediates cell death through the release
of various pro-apoptotic factors, the best characterized of which
is cytochrome c. The release of mitochondrial cytochrome c into
the cytoplasm induces formation of the apoptosome and
activation of caspase-9, which can then activate effector
caspases (Jiang and Wang, 2004). However, several other
apoptotic proteins capable of exerting many features of
apoptosis in a caspase-independent manner also reside within
the mitochondrion (Donovan and Cotter, 2004). These include
apoptosis inducing factor (AIF), Omi/HtrA2 and endonuclease
G (endoG). The release of these pro-death factors requires
mitochondrial membrane permeabilization, an event that is
regulated by the Bcl-2 family. Members of this family fall into
two broad categories, pro and anti-apoptotic, based on their
ability to elicit opposing effects at the level of the mitochondria.
Those with pro-apoptotic functions include Bax, Bak, Bid,
Puma, Bik and Bim, while Bcl-2 and Bcl-XL promote cell
survival.
Evidence to date supports a role for members of the Bcl-2
family and the ‘classical’ mitochondrial caspase-dependent
pathway in retinal apoptosis during development. Studies on
Bax knockout mice have demonstrated that the absence of this
death-promoting gene during development results in decreased
apoptosis and thicker than usual inner neuroblastic and
ganglion cell layers (Pequignot et al., 2003). Importantly,
developmental cell death is almost completely absent in Bax−/−
Bak−/− retina further supporting a fundamental role for these
proteins in the removal of surplus cells during development
(Hahn et al., 2003). Finally, over-expression of Bcl-2 is also
effective in preventing naturally occurring programmed cell
death resulting in a thicker retina with higher numbers of
neurons compared to wild type (Strettoi and Volpini, 2002). In
contrast, data regarding the involvement of the Bcl-2 family in
retinal degeneration are conflicting. Bcl-2 over-expression was
found to have a varying degree of success in preventing
photoreceptor cell death in a number of different models of RP.
While one study reported a significant improval in photore-
ceptor survival in Bcl-2 overexpressing mice (Chen et al.,
1996), several studies have reported little effect on degener-
ation or only temporary delays (Joseph and Li, 1996; Tsang et
al., 1997). Similarly, despite the pivotal role Bax appears to
play in developmental apoptosis, its absence does not protect
against pathologic apoptotic photoreceptor degeneration in the
naturally occurring rd mouse (Mosinger Ogilvie et al., 1998).
The cause of such variability in resistance to apoptosis has yet
to be elucidated but may be due to differential cell death
pathways depending on the model studied. In addition, the
pathways employed during developmental apoptosis may not
be utilized in the mature retina in disease states and under
conditions of stress.
In this study, we investigate the involvement of pro-apoptotic
Bcl-2 family members and the release of death-promotingproteins in photoreceptor degeneration. We compare apoptosis
during post-natal development to the death pathway that takes
place in the mature retina following light exposure, a model
frequently employed to study pathologic retinal cell death
(Wenzel et al., 2005). Our results indicate that pathologic death
in the mature retina does not necessarily occur via reactivation
of developmental apoptotic pathways.
Materials and methods
Retinal explants
Retinal organ culture has previously been described in detail (Caffe et al.,
1989, 1993). Briefly, C57/BL6 mice were decapitated and the eyes removed
and cleaned with 70% ethanol. The anterior segment, vitreous body and
sclera were removed and the retina mounted on Millicell nitrocellulose inserts
(Millipore, Billerica, MA) photoreceptor-side down. Explants were cultured in
1.2 ml of R16 media (from Dr. AR Caffe, Wallenberg Retina Centre, Lund
University, Sweden) without additional serum. Agents used to induce
apoptosis were the calcium ionophore A23187 (5 μM) and H202 (600 μM)
(Sigma, Dublin, Ireland). zVAD-fmk (50 μM) was employed as a pan-caspase
inhibitor. After 24 h or 48 h, retinal explants were fixed in 10% neutral
buffered formalin followed by cryoprotection in 25% sucrose and TUNEL or
IHC carried out as described below. For statistical analysis of the effect of
zVAD-fmk on developmental apoptosis, at least 3 animals (P7) were
employed and three fields (40× magnification) per section of at least two
different sections were evaluated.
Immunohistochemistry
Enucleated eyes were fixed in 10% neutral buffered formalin overnight at
4°C, followed by cryoprotection in 25% sucrose overnight at 4°C. Following
antigen retrieval in 10 mM sodium citrate buffer and quenching of endogenous
peroxidase activity in 0.3% hydrogen peroxide, frozen sections (5 μm) were
incubated with anti-cleaved caspase-9 (1:100) or anti-AIF (1/50) (Cell
Signalling, Beverly, MA) overnight at 4°C. Washes in PBS with 0.01%
Tween20 were followed by incubation with secondary antibody for 1 h at room
temperature. Antibody detection was achieved with VectorStain Elite ABC Kit
and DAB reagent (Vector Labs, Peterborough, UK). Sections were counter-
stained with hematoxylin to facilitate tissue orientation and mounted in DepeX.
Retinal light-damage
Adult male Balb-c mice were maintained in the dark for 18 h before being
exposed to constant light. Immediately prior to light exposure their pupils were
dilated with 0.5% cyclopentolate. The mice were then exposed to 2 h of cool
white fluorescent light at a luminescence level of 5000 lx. The mice were
sacrificed after treatment by cervical dislocation at the following time points: 1
h after light onset, immediately after light exposure (2 h) and after 3, 6, 14 and
24 h of darkness that followed the 2 h light exposure.
Terminal dUTP Nick End-Labeling of fragmented DNA
DNA strand breaks in photoreceptor nuclei were detected by Terminal dUTP
Nick End-Labeling (TUNEL). Briefly, enucleated eyes were fixed in 10%
neutral buffered formalin overnight at 4°C, followed by cryoprotection in 25%
sucrose overnight at 4°C. Frozen sections (5 μm) were incubated with terminal
deoxynucleotidyl transferase (TdT) (MSC, Dublin, Ireland) and fluorescein-12-
dUTP (Roche, Lewes, UK) according to manufacturer's instructions. Sections
were incubated at 37°C for 1 h in a humidified chamber. Following several
washes in phosphate-buffered saline (PBS), the sections were mounted in
mowiol (Calbiochem, Nottingham, UK) and viewed under a fluorescence
microscope (Nikon Eclipse E600) using a fluorescein isothiocyanate (FITC)
filter. 3 animals were used for each of the time points; 0 h, 6 h, 14 h and 24 h after
light exposure.
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Cytosolic and mitochondrial fractions were prepared for detecting Omi/
HtrA2 and cytochrome c as follows: Briefly, for each sample two retina
were dissected and resuspended in 50 μl of buffer (100 mM HEPES, 500
mM mannitol, 400 mM sucrose, 50 mM EGTA, 1% BSA, 1 mM DTT, 0.1
mM PMSF, 0.1 μg/ml leupeptin and 1 μg/ml aprotinin). The retina was
then disrupted in a 2 ml glass dounce homogeniser with 25–30 strokes of a
B-type pestle (Kontes Glass company, New Jersey). The resultant
homogenate was centrifuged at 1000 g for 5 min at 4°C to remove nuclei.
Supernatants were centrifuged at 10,000 g for 15 min at 4°C. The resulting
supernatants were used as the cytosolic fraction for detecting Omi/HtrA2
and cytochrome c. The pellet was washed three times in ice-cold PBS and
used as a positive mitochondrial control.
Serial sectioning
This method was carried out as previously described (Sokolov et al.,
2004) with several modifications. Briefly, a mouse eye (P10) was enucleated
in R16 media and retinal dissection carried out as described above. The
retina was transferred to a Millicell nitrocellulose insert with the
photoreceptors facing up. The retina still attached to the nitrocellulose
was then flat mounted between two glass slides separated by 0.5 mm thick
spacers and frozen. Positioning and alignment of the retina with the cutting
surface of the cryostat was carried out as previously described (Sokolov et
al., 2004). Several sections were cut and discarded to obtain a flat cutting
surface and 30 μm serial sections were then cut and dissolved in 50 μl of
SDS-PAGE sample buffer and subjected to Western blotting as described
below. The following antibodies were employed to identify the particular
cells of the retina in each section: anti-rhodopsin (Lab Vision, CA, USA),
anti-syntaxin, anti-GFAP (Sigma, Dublin, Ireland) and anti-CHX-10
(Chemicon Europe Ltd., UK).
Western blot analysis
Retinas were dissected and lysed in RIPA buffer (50 mM Tris–HCl
pH7.4, 1% NP40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA,
1 mM sodium orthovanadate, 1 mM sodium fluoride) containing protease
inhibitor cocktail (Roche, Lewes, UK) and AEBSF (0.1 mM). Equivalent
amounts of protein, as determined by the Bio-Rad Protein Assay (Bio-Rad,
Hemel Hempstead, UK) using bovine serum albumin as standard, were
resolved using SDS-PAGE followed by transfer to nitrocellulose membrane
(Schleicher and Scheull, Dassel, Germany). Membranes were blocked for 1
h in 5% non-fat dried milk (NFDM), followed by incubation overnight at 4°C
with the appropriate antibodies. Antibodies reactive to cytochrome c
(PharMingen International, San Diego, CA, USA), Bax, Bcl-x (Santa Cruz,
California), Bak, (MSC, Dublin, Ireland), Omi/HtrA2, Bid (R&D Systems,
Abingdon, UK), Bim, Bik, Puma, Tubulin and GAPDH (Insight Biotechnol-
ogy, Middlesex, UK) were used in this study. Membrane development was
achieved using Enhanced Chemiluminescence (ECL) (Amersham Pharmacia
Biotech, Buckinghamshire, UK).
RT-PCR
Total RNA was isolated at each time point using TRIZOL Reagent (Bio
Sciences Ltd., Dun Laoghaire) under the protocol suggested by the
manufacturers. cDNA was synthesized from RNA samples using M-MLV
Reverse Transcriptase and Oligo (dT) (Promega). To ensure linear signals, all
products were optimized for both cycle number and product amplification and
equal loading was established using α-tubulin. The primers used were:
Bax forward, 5′TTGAATTCCGACGGGTCCGGGGAG3′ and reverse,
5′GCCGAATTCCGCCCATCTTCTTCCAGAT3′; Bak forward, 5′TAT-
TAACCGGCGCTACGAC3′ and reverse, 5′AACCACACCAAAAATCAC3′;
Bid forward, 5 ′TGGACTCTGAGGTCAGCAAC3 ′and reverse ,
5 ′GGCAGTTCCTTTTGTCTTCC3 ′ ; BimEL forward, 5 ′GAC-
AGAACCGCAAGGTAATCCCGACG3 ′ and reverse , 5 ′TAGG-
ATCCCCTCAATGCCTTCTCCATACCAG3 ′ ; BimL forward, 5 ′AACCGCAAGACAGGAGCCCGGCA3 ′and reverse , 5 ′TAGGA
TCCCCTCAATGCCTTCTCCATACCAG3′ (same reverse primer used for
both isoforms); α-tubulin forward, 5′TGACCTTGTCCTGGACAGGA3′ and
reverse, 5′TACAGAAAGCTGCTCGTGGTA3′ (MWG Biotech). PCR pro-
ducts were separated on a 1% agarose gel, stained with ethidium bromide and
visualized under UV light.
Results
Developmental apoptosis involves activation of caspase-9 and
is inhibited by zVAD-fmk
Post-natal developmental apoptosis in the retina occurs
predominantly during the first 2 weeks after birth and peaks
around post-natal day 7 (Young, 1984). To examine the role of
caspase-9 in this process, we initially assessed death by
TUNEL at P6, P7 and P8. At these time points scattered
TUNEL labeling is evident primarily in the inner retina (Fig.
1A). We sought to determine if these dying cells employed the
intrinsic mitochondrial cell death pathway by examining the
involvement of caspase-9. Immunohistochemical analysis
using an antibody that specifically detects cleaved caspase-9
was carried out (Fig. 1B). Cleaved caspase-9 staining is
clearly present at all time points investigated indicating that
these cells execute the classical mitochondrial pathway of
apoptosis. We employed the broad-spectrum caspase inhibitor
zVAD-fmk to determine if we could block developmental cell
death. This study was carried out in retinal explants, a system
that essentially maintains the cell–cell interactions that are
necessary for normal retinal development and therefore an
ideal system for examining the efficacy of small peptide
inhibitors that do not penetrate the blood barrier in vivo.
TUNEL and cleaved caspase-9 positive cells are significantly
reduced in P7 explants treated with zVAD-fmk for 24
h indicating a key role for caspases in developmental cell
death (Figs. 1C–E). Of note, few TUNEL-positive cells
remain in the inner nuclear and ganglion cells layers of zVAD-
treated explants. While this may be due to incomplete
inhibition of caspases by zVAD, the existence of alternative
caspase-independent death pathways cannot be ruled out.
Mitochondrial proteins cytochrome c, Omi/HtrA2 and AIF are
not released during photoreceptor apoptosis in vivo
Previously, we have shown that following exposure to 2 h of
cool white fluorescent light, photoreceptor mitochondria do not
release cytochrome c and consequently execute a caspase-
independent death pathway (Donovan and Cotter, 2002). In this
study we initially investigated the potential release of other pro-
death molecules from the mitochondrion that are capable of
executing cell death in a caspase-independent manner. Cell
death was assessed by TUNEL over 24 h. Retinas of control
animals (0 h) showed no TUNEL positive labeling in
photoreceptor nuclei of the outer nuclear layer (ONL) (Fig.
2A). Six h after exposure to light, scattered positive labeling is
evident and at 14 and 24 h abundant TUNEL positive cells were
apparent in the ONL. Caspase-independent cell death was
confirmed by employing immunohistochemistry. Cleaved
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extensive TUNEL labeling (Fig. 2B). Furthermore, cyto-
chrome c was not detected in cytosolic fractions up to 24
h following light exposure (Fig. 2C). We therefore analyzed
the cellular distribution of Omi/HtrA2, a serine protease that
translocates to the cytoplasm upon induction of apoptosis.
Omi/HtrA2, like cytochrome c was not detected in cytosolic
fractions by Western blot during light-induction (1 h),immediately following light exposure (2 h) or following a
further incubation of 3, 6, 14 and 24 h in darkness (Fig.
2C). Apoptosis inducing factor (AIF) resides in the
mitochondrial intermembrane space and translocates to the
nucleus in response to death stimuli. Immunohistochemistry
of untreated whole retinal sections in this study showed
specific AIF staining in the inner segments of photoreceptor
cells, the outer and inner plexiform layers and the ganglion
Fig. 1. Activation of the intrinsic mitochondrial death pathway during retinal development. (A) TUNEL staining of cells undergoing developmental apoptosis at post-
natal days 6, 7 and 8. Hoechst dye (blue stain) was employed to counterstain nuclei and facilitated orientation of the sections and identification of the layers. (B)
Immunohistochemical staining of cleaved caspase-9 at the same time points. White arrows indicate cells staining positive for cleaved caspase-9. (C) TUNEL and
Hoechst staining of post-natal day 7 retinas, explanted and left untreated for 24 h or treated with 50 μM zVAD-fmk. (D) Graph of the data presented in 2(C). Values are
calculated as the number of TUNEL positive cells in the INL and ONL per 40× field and expressed as mean ± SD of three independent experiments. Note that the GCL
TUNEL counts are omitted as death in this layer is due to axotomy and not development. (E) Immunohistochemical staining of cleaved caspase-9 in untreated and
zVAD-fmk treated P7 explants. Red arrows indicate cleaved caspase-9 positive cells in the ONL and INL and yellow arrows indicate positive cells in the ganglion cell
layer. ONL: outer nuclear layer; INL: inner nuclear layer; GCL, ganglion cell layer.
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Fig. 2. Analysis of cell death, caspase-9 cleavage and release of mitochondrial factors during retinal degeneration in vivo. (A) Cells undergoing apoptosis following
light induction were detected 6, 14 and 24 h after light exposure by TUNEL (green) staining of 5 μm frozen retinal sections. Hoechst dye (blue stain) was employed to
counterstain nuclei and facilitated orientation of the sections and identification of the layers. (B) Immunohistochemical staining of cleaved caspase-9 in untreated (0 h)
and light-induced sections at the same time points. Slides were counterstained with hematoxylin. No positive active caspase-9 staining was observed in control or light-
induced retinas despite extensive TUNEL labeling at 14 and 24 h. The ability of this antibody to detect cleaved caspase-9 when present in sections is demonstrated in
Figs. 1B and 6C. (C) Subcellular fractionation was carried out at time points prior to light exposure (0 h), during light-induction (1 h), immediately following light
exposure (2 h) or following a further incubation of 3, 6, 14 and 24 h in darkness. Equivalent quantities of cytosolic protein were subjected to SDS-PAGE and Western
blot analysis for cytochrome c (top) and Omi/HtrA2 (middle). As a positive control for mitochondrial protein, a representative mitochondrial fraction (M) was included
in lane 1. Cytochrome c and Omi/HtrA2 were readily detectable in mitochondrial fractions but were absent from the cytosol up to 24 h after light induction. The blot
was re-probed with an antibody to GAPDH to demonstrate equal protein loading (bottom). A representative result of three independent experiments is shown. (D)
Immunohistochemistry of apoptosis-inducing factor (AIF). Top panels: photomicrographs of untreated whole retinal sections under 40× magnification. (i) There is no
AIF staining when the primary antibody is omitted. (ii) AIF staining is evident in the inner segment of the ONL, inner and outer plexiform layers and the GCL. Middle
and bottom panels: photomicrographs of untreated and light-induced retinas stained with AIF antibody and visualized under 100× magnification. In untreated retina
(iii) AIF staining is evident in the inner segments of the photoreceptor cells. This pattern remains unchanged and staining is completely absent from the outer nuclear
layer of retinas at 6 h (iv), 14 h (v) and 24 h (vi) after light exposure. OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer.
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Fig. 2 (continued).
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Fig. 3. Western blot analysis of pro-apoptotic Bcl-2 family members following light exposure. Equivalent quantities of protein from cell lysates taken prior to light
exposure (0 h), and 3, 6, 14 and 24 h of darkness following light exposure were resolved using SDS-PAGE and transferred to a nitrocellulose membrane. Levels of Bax,
Bid, Bak and BimEL were determined by probing with the relevant antibodies (see Materials and methods). The 661W photoreceptor cell line was employed as a
positive control to demonstrate the ability of antibodies to detect each protein. α-tubulin was used as a loading control. These results are representative of at least three
independent experiments.
Fig. 4. (A) Western blot analysis of Bcl-2 proteins during development. The expression of Bax, Bak, Bid, Bik and Bim isoforms was analyzed during retinal
development of balb/c mice from postnatal day 2 to 60 (P2 to P60). Sixty microgram aliquots of retinal protein extracts at indicated developmental stages were subjected
to 12% SDS-PAGE, transferred to a nitrocellulose filter and probed with antibodies reactive to Bax, Bak, Bid, Bik, BimEL and BimL. The short form of Bim (BimS)
was not detected at any stage during development. The pattern observed was comparable in another mouse strain, C57/BL6 (data not shown). α-tubulin was used to
demonstrate equal protein loading for these studies, which are representative of three independent experiments. (B) Distribution of Bcl-2 family members in 30 μm
serial sections obtained from P10 retina. Bax. Bim and Bcl-x content in the sections was determined by Western blot analysis and compared with the contents of four
intracellular markers, rhodopsin, a marker for rod photoreceptors, syntaxin, a marker for amacrine and horizontal cells, GFAP, a glial cell marker and CHX-10, a
marker for bipolar cells.
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Fig. 5. Analysis of age-dependent expression of Bax, Bid, Bak, BimEL and
BimL mRNA in the retina. RT-PCR analysis was carried out to detect the
abundance of transcripts encoding Bax, Bak, Bid and two isoforms of Bim in
retina of post-natal day 5, 10, 15 and 60 mice. Total RNA was isolated from
mouse retina and subjected to RT-PCR with gene-specific primers for the
indicated genes. Amplification of α-tubulin was used as an internal control. The
PCR products were analyzed by electrophoresis through a 1% agarose gel and
visualized after staining with ethidium bromide.
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taining of control retinas revealed a multilinear pattern of
AIF within the mitochondrion-rich inner segment of
photoreceptors, as previously described (Hisatomi et al.,
2001). This pattern did not change up to 24 h after light
exposure and AIF staining was absent from the outer
nuclear layer at all time points analyzed. There is no
staining in the negative control where the primary antibody
was omitted. These results indicate that in addition to
cytochrome c, other factors including Omi/HtrA2 and AIF
are not released from mitochondria during photoreceptor cell
death and therefore not responsible for apoptotic features
observed in this model.
Expression of pro-apoptotic Bcl-2 family members during
light-induced retinal degeneration
In order to explain the absence of release of mitochondrial
factors, we directed our attention to the level of expression of
Bcl-2 family proteins. These regulators of mitochondrial
integrity, function in part through the relative abundance of
pro-apoptotic and anti-apoptotic factors. We initially investi-
gated the levels of Bax, Bak, Bid and Bim as previous studies
have implicated the involvement of these proteins in different
models of retinal degeneration (Hahn et al., 2004; Jomary et al.,
2001; Napankangas et al., 2003; Yang et al., 2004). Western blot
analysis revealed that these pro-apoptotic Bcl-2 proteins were
expressed at very low levels in adult photoreceptors and levels
did not increase during light exposure (Fig. 3). The 661W cone
photoreceptor cell line provided a positive control in each
instance.
Age-dependent down-regulation of pro-apoptotic 2 -family
proteins
The difference in expression of pro-apoptotic Bcl-2 family
members in immature photoreceptors and adult retina
prompted us to examine the expression of these proteins
during normal retinal maturation from P2 to P60. Western blot
analysis revealed that while Bax, Bak, Puma, Bik and Bid
decreased notably at P30, Bim isoforms decreased significant-
ly between P10 and P15 (Fig. 4A). We also examined the
levels of Bcl-x, previously shown to be the predominant anti-
apoptotic Bcl-2 family member expressed in the retina (Levin
et al., 1997). Interestingly, levels of Bcl-x remained
unchanged during development resulting in an increased
anti/pro-apoptotic Bcl-2 ratio in the mature retina. To ensure
that photoreceptors do not have a proportionally low basal
level of expression of these proteins compared with non-
photoreceptor cells, we carried out serial sectioning of P10
retina and obtained samples enriched in photoreceptor and
inner-retinal cells (Fig. 4B). Sections 1 and 2 were
photoreceptor enriched, expressing rhodopsin but not other
retinal cell markers such as syntaxin (amacrine and horizontal
cells), GFAP (glial cell marker) or CHX-10 (bipolar cell
marker). In contrast, sections 3–6 expressed these inner
retinal cell markers. Importantly, Bim, Bax and Bcl-x appearto be equally expressed in all sections. This result suggests
that the age-dependent decline in expression of the pro-
apoptotic Bcl-2 family members more than likely occurs in
both the inner and outer retinal cell layers.
Transcriptional regulation of Bax, Bid, Bak and Bim isoforms
during retinal development
RT-PCR was utilized to confirm that expression was
regulated at the mRNA level rather then post-translationally.
The quantity of transcript produced for Bax, Bak and Bid
clearly dropped in an age-related manner from P15 to P60 (Fig.
5). Likewise, BimEL and BimL decreased between P5 and P10
correlating with the Western blot data.
Age-dependent susceptibility of retinal explants to apoptosis
We have shown that pro-apoptotic Bcl-2 family members
are markedly decreased during retinal development and this
reduction correlates with the inability to activate the
mitochondrial caspase cascade in the mature retina following
exposure to light. This is in direct contrast to the pathway
employed by cells of the immature retina during development.
In order to test the hypothesis that the sensitivity of the retina
to the mitochondrial pathway of apoptosis decreases with age
and correlates with the level of pro-apoptotic bcl-2 family
members, we treated retinal explants with the same stimulus
at different stages of maturation. Retinal explants from early
postnatal and mature mice were treated with death stimuli
known to target the mitochondrion, including, calcium
overload and oxidative stress. Apoptosis was detected by
TUNEL staining 24 h after treatment Figs. 6A and B).
TUNEL positive cells were abundant in early postnatal
explants (P10) 24 h after treatment and caspase-9 processing
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caspase-9 antibody (Fig. 6C). Caspase-3 cleavage was also
detected by immunohistochemistry (data not shown). How-ever, TUNEL staining and caspase-9 cleavage were signifi-
cantly reduced in P15 explants and adult retinal explants have
only isolated TUNEL positive cells correlating with reduced
164 M. Donovan et al. / Developmental Biology 291 (2006) 154–169expression of pro-apoptotic Bcl-2 proteins. In order to rule
out the possibility that the resistance to apoptosis in the adult
explants may be due to a rapid up-regulation of anti-apoptotic
Bcl-2 family members by the explant procedure, we
determined by Western blot that levels of Bcl-2 and Bcl-x
remain unchanged following explantation (data not shown).Finally, we wished to determine if adult explants were
completely resistant to death induced by these stimuli or if
death was merely delayed. We therefore extended the culture
period to 48 h for the P60 explants (Fig. 6D). At 48 h,
untreated retina have scattered TUNEL labeling in the ONL.
This is in agreement with a previous study demonstrating that
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over time (Caffe et al., 2001). Importantly, there is a
significant increase in TUNEL positive cells at 48 h in
treated retinas, and this is not accompanied by caspase-9
cleavage (Fig. 6E). These results indicate that the death
pathway that eventually ensues in the adult is not simply a
reactivation of developmental apoptotic pathways but an
alternative death pathway that is independent of caspase-9
activation.
Discussion
It has been proposed that neurodegenerative disorders,
including retinal degenerations, involve a pathologic reactiva-
tion of developmental apoptotic programs. In this way,
apoptotic factors involved in the elimination of cells destined
to die during development may also mediate cell death in
neurodegenerative diseases. The first essential mediators ofFig. 6. Differential sensitivity to cell death during development in retinal explants. P
methods and treated with 5 μM calcium ionophore (A23187) (A) or 600 μM hydrog
8 μm frozen retinal sections. Hoechst dye (blue) was employed to counterstain nucl
Immunohistochemical staining of cleaved caspase-9 in post-natal day 10, 15 and
hematoxylin. Caspase-9 activation was observed in the ganglion cell layer of untreate
the presence of TUNEL positive cells following retinal explant due to optic nerve
Comparison of death in untreated P60 explants and explants treated with 5 μM A23
Immunohistochemical staining of cleaved caspase-9 in untreated and treated section
ganglion cell layer.developmental apoptosis identified in the retina were Bax and
Bak with the demonstration that effectively all physiological
apoptosis is absent in Bax−/−Bak−/− double mutant mice.
Significantly, immature rod photoreceptors unable to migrate
successfully to the (ONL) during development also survive in
knockout mice (Hahn et al., 2003). As these proteins control
mitochondrial integrity, a role for the intrinsic apoptotic
pathway one of the major pathways to caspase activation, was
essentially established. In this present study, we demonstrate the
presence of cleaved caspase-9, a key component of the
apoptosome, in retinas undergoing developmental apoptosis.
Furthermore, we show that inhibition of caspases with a broad-
spectrum caspase inhibitor significantly reduces the number of
apoptotic cells (Fig. 1). These results provide further evidence
for the involvement of the mitochondrial death pathway in
postnatal retinal development. The apoptotic cascade directed
by cytochrome c release ultimately results in activation of
effector caspases including caspase-3 and caspase-7, andost-natal day 10, 15 and 60 retinas were explanted as described in Materials and
en peroxide (B). After 24 h, death was analyzed by TUNEL (green) staining of
ei and facilitated orientation of the sections and identification of the layers. (C)
60 retinas in untreated and treated sections. Slides were counterstained with
d P10 and P15 retinas (red arrows). However, this was not unexpected considering
transection, a model which is routinely employed for ganglion cell death. (D)
187 or 600 μM hydrogen peroxide as analyzed by TUNEL at 24 and 48 h. (E)
s at 24 h and 48 h. ONL, outer nuclear layer; INL, inner nuclear layer; GCL,
167M. Donovan et al. / Developmental Biology 291 (2006) 154–169demise of the cell. A recent study has confirmed that caspase-3
is active during retinal development albeit somewhat redundant
(Zeiss et al., 2004). In this study, retinas of caspase-3−/− mice
showed only a temporary delay in developmental apoptosis of
the INL with the architecture of this layer eventually returning
to normal. This may be indicative of compensatory activation of
caspase-7 or -6 or of the existence of alternative death programs
that allow normal development to ensue.
While the apoptosome-initiated caspase cascade may be
essential for the elimination of superfluous cells in immature
retinas, it does not appear to play a major role during
degeneration under pathological conditions. Indeed, there are
several examples in the literature of retinal degeneration where
caspase activation has not been detected and/or caspase
inhibitors fail to protect against cell death (Donovan and
Cotter, 2002; Doonan et al., 2003; Hisatomi et al., 2002;
Spalding et al., 2005; Zeiss et al., 2004). Publications from this
laboratory have shown that apoptosome activation is prevented
due to an absence of mitochondrial cytochrome c release.
Several other proteins also reside within the mitochondrion and
may be responsible for apoptotic-like features in these cells.
For example, Omi/HtrA2 can initiate caspase-independent
apoptosis in a process that relies entirely on its ability to
function as an active protease and AIF once in the nucleus, can
induce peripheral chromatin condensation and large-scale
DNA fragmentation (Hegde et al., 2002; Susin et al., 2000;
Suzuki et al., 2001). However, in this study Omi/HtrA2 was
not detected in cytosolic fractions and AIF did not translocate
to the nucleus following light exposure (Figs. 2B and C).
The discharge of these proteins requires permeabilization of
the outer mitochondrial membrane, an event that is under the
tight control of the Bcl-2 family. For this reason we have
focused our attention on the role of Bcl-2 family proteins in
controlling the release of pro-apoptotic factors from the
mitochondrion. Our results demonstrate that the expression of
Bax, Bak, Bid and Bim are all down-regulated in the developing
mouse retina and are not re-expressed in response to light injury
(Figs. 3 and 4). This trend has also been observed for Bax in
heart muscle and in both the cerebral cortex and cerebellum of
developing brain (Vekrellis et al., 1997). Indeed, it appears that
once Bax has fulfilled its developmental role in the central
nervous system, it is rapidly down-regulated, and as a result
brain mitochondria derived from undifferentiated neural cells
are significantly more sensitive to Bax-mediated cytochrome c
release than their terminally differentiated counterparts (Polster
et al., 2003). Inhibition of cytochrome c release and other
mitochondrial factors could therefore result directly from the
loss of pro-apoptotic Bcl-2 family proteins and/or associated
changes in the ratio of pro and anti-apoptotic factors. Further
evidence in support of this comes from studies on the effect of
Bim knockdown in primary cultures of cerebral endothelial
cells. Silencing of Bim using antisense suppressed Smac release
from mitochondria in response to amyloid-β peptide (Yin et al.,
2002). Interestingly Bim and other ‘BH3-only’ proteins were
unable to induce death in embryonic fibroblasts lacking Bax and
Bak (Cheng et al., 2001; Zong et al., 2001). Furthermore,
induction of apoptosis in response to cytokine withdrawal wasgreatly diminished in Bim−/− mice even though both Bax and
Bak were present (Bouillet et al., 1999). Thus it appears that
BH3-proteins require the presence of Bax/Bak to induce
apoptosis and Bax/Bak require some kind of signal from
‘BH3-only’ proteins. This supports our hypothesis that
mitochondrial pore formation and release of pro-apoptotic
factors may be prevented in the absence of one or more pro-
apoptotic Bcl-2 family members.
Rapid caspase activation and cell death could have serious
implications for cells of the mature retina. For this reason,
terminally differentiated, irreplaceable cells may exert some
resistance to death in response to an insult by down regulating
pro-death proteins. With the use of retinal explants we have
demonstrated a clear difference in susceptibility to apoptosis
depending on the state of retinal maturation. In our culture
system, photoreceptors of early postnatal retinal explants died
readily in response to several different stimuli utilizing caspase-
9 and -3 to execute death (Figs. 6A–C and data not shown). We
show that as the retina matures, photoreceptors are less sensitive
to these stimuli and death in adult photoreceptors is delayed
correlating with reduced pro-apoptotic Bcl-2 protein expres-
sion. When death eventually occurs in the adult explants at 48 h,
caspase-9 cleavage is absent indicating that death does not
ensue via the mitochondrial caspase pathway under these
conditions.
Down-regulation of key death promoting factors has been
shown in other neuronal instances. Differential expression of
Apaf-1 and caspase-3 in the developing rat brain reduced
susceptibility to apoptosis after traumatic brain injury and rat
cardiomyocytes deficient in Apaf-1 expression showed resis-
tance to cytochrome c-driven apoptosis (Sanchis et al., 2003;
Yakovlev et al., 2001). We have previously shown that caspase-
3 and Apaf-1 are also differentially expressed in the retina
(Donovan and Cotter, 2002). While the absence of these
proteins can protect against apoptosis initiated by cytochrome c
release, down regulation of members of the Bcl-2 family could
potentially serve to prevent not only caspase-dependent
apoptosis but also a caspase-independent cell death pathway
mediated by other mitochondrial death proteins.
It is evident from this study that adult photoreceptors
are intrinsically more resistant to cell death than their
neonatal counterparts. Nevertheless, these cells do execute
a programmed death pathway albeit caspase-independent.
This has been demonstrated in light induced injury (Donovan
and Cotter, 2002; Donovan et al., 2001) as well as in the rd
model (Doonan et al., 2003; Zeiss et al., 2004) of retinal
degeneration and in response to methyl-nitroso-urea (Doonan
et al., 2003). It is apparent therefore that the same neuronal
population can utilize different developmental and pathologic
cell death pathways. Similar results have been observed in
Drosophila carrying a mutation in the norpA gene, which
causes retinal degeneration (Hsu et al., 2004). Neither grim,
rpr nor hid, all common inducers of PCD were necessary for
adult retinal degeneration. In addition, expression of p35 did
not alter the progression of apoptosis, indicating that the
pathways typically responsible for developmental PCD do not
play an essential role in norpA- induced degeneration.
168 M. Donovan et al. / Developmental Biology 291 (2006) 154–169In conclusion, the present findings indicate that caspases are
the primary executioners of death induced in early postnatal
retinas during development. The termination of developmental
apoptosis in the retina, at approximately P10 appears to initiate
the down-regulation of Bcl-2 family members, which are key
initiators in the caspase-dependent pathway. This correlates with
the withdrawal of photoreceptor cells from mitosis and the need
tomaintain tight control of apoptosis. Hence, at least two options
appear to be available to photoreceptors in response to apoptotic
stimuli. Firstly, components of the intrinsic mitochondrial
pathway may be re-expressed, as with the up-regulation of
Bim previously described in axotomized retinal ganglion cells
prior to apoptosis (Napankangas et al., 2003). Alternatively a
caspase-independent death pathway, which we have observed in
a number of models of retinal degeneration and in our explant
system, may ensue. Importantly, it appears that the differential
expression of key apoptotic modulators during development
may provide a powerful check to prevent the ‘classical’
apoptotic pathway but does not completely protect mature
cells from alternative death pathways. This study emphasizes the
need to gain a greater insight into the events that lead to
photoreceptor apoptosis during retinal degeneration in the adult
retina.
Acknowledgments
We gratefully acknowledge Prof. Theo van Veen for the
opportunity to learn retinal explantation techniques in his
laboratory and Dr. Romeo Caffe for his training and invaluable
advice on the subject. This work was funded by prize money
from the RDS Irish Times Boyle Medal, The Health Research
Board of Ireland and Science Foundation Ireland.
References
Bouillet, P., Metcalf, D., Huang, D.C., Tarlinton, D.M., Kay, T.W., Kontgen, F.,
Adams, J.M., Strasser, A., 1999. Proapoptotic Bcl-2 relative Bim required
for certain apoptotic responses, leukocyte homeostasis, and to preclude
autoimmunity. Science 286, 1735–1738.
Buss, R.R., Oppenheim, R.W., 2004. Role of programmed cell death in normal
neuronal development and function. Anat. Sci. Int. 79, 191–197.
Caffe, A.R., Visser, H., Jansen, H.G., Sanyal, S., 1989. Histotypic differentiation
of neonatal mouse retina in organ culture. Curr. Eye Res. 8, 1083–1092.
Caffe, A.R., Soderpalm, A., van Veen, T., 1993. Photoreceptor-specific protein
expression of mouse retina in organ culture and retardation of rd
degeneration in vitro by a combination of basic fibroblast and nerve growth
factors. Curr. Eye Res. 12, 719–726.
Caffe, A.R., Ahuja, P., Holmqvist, B., Azadi, S., Forsell, J., Holmqvist, I.,
Soderpalm, A.K., van Veen, T., 2001. Mouse retina explants after long-term
culture in serum free medium. J. Chem. Neuroanat. 22, 263–273.
Chen, J., Flannery, J.G., LaVail, M.M., Steinberg, R.H., Xu, J., Simon, M.I.,
1996. bcl-2 overexpression reduces apoptotic photoreceptor cell death in
three different retinal degenerations. Proc. Natl. Acad. Sci. U. S. A. 93,
7042–7047.
Cheng, E.H., Wei, M.C., Weiler, S., Flavell, R.A., Mak, T.W., Lindsten, T.,
Korsmeyer, S.J., 2001. BCL-2, BCL-X(L) sequester BH3 domain-only
molecules preventing BAX- and BAK-mediated mitochondrial apoptosis.
Mol. Cell 8, 705–711.
Danial, N.N., Korsmeyer, S.J., 2004. Cell death: critical control points. Cell 116,
205–219.
Donovan, M., Cotter, T.G., 2002. Caspase-independent photoreceptor apoptosisin vivo and differential expression of apoptotic protease activating factor-1
and caspase-3 during retinal development. Cell Death Differ. 9, 1220–1231.
Donovan, M., Cotter, T.G., 2004. Control of mitochondrial integrity by Bcl-2
family members and caspase-independent cell death. Biochim. Biophys.
Acta 1644, 133–147.
Donovan, M., Carmody, R.J., Cotter, T.G., 2001. Light-induced photoreceptor
apoptosis in vivo requires neuronal nitric-oxide synthase and guanylate
cyclase activity and is caspase-3-independent. J. Biol. Chem. 276,
23000–23008.
Doonan, F., Donovan, M., Cotter, T.G., 2003. Caspase-independent photore-
ceptor apoptosis in mouse models of retinal degeneration. J. Neurosci. 23,
5723–5731.
Green, D.R., Kroemer, G., 2004. The pathophysiology of mitochondrial cell
death. Science 305, 626–629.
Hahn, P., Lindsten, T., Ying, G.S., Bennett, J., Milam, A.H., Thompson, C.B.,
Dunaief, J.L., 2003. Proapoptotic bcl-2 family members, Bax and Bak, are
essential for developmental photoreceptor apoptosis. Invest. Ophthalmol.
Visual Sci. 44, 3598–3605.
Hahn, P., Lindsten, T., Lyubarsky, A., Ying, G.S., Pugh Jr., E.N., Thompson, C.
B., Dunaief, J.L., 2004. Deficiency of Bax and Bak protects photoreceptors
from light damage in vivo. Cell Death Differ. 11, 1192–1197.
Hegde, R., Srinivasula, S.M., Zhang, Z., Wassell, R., Mukattash, R., Cilenti,
L., DuBois, G., Lazebnik, Y., Zervos, A.S., Fernandes-Alnemri, T.,
Alnemri, E.S., 2002. Identification of Omi/HtrA2 as a mitochondrial
apoptotic serine protease that disrupts inhibitor of apoptosis protein–
caspase interaction. J. Biol. Chem. 277, 432–438.
Hisatomi, T., Sakamoto, T., Murata, T., Yamanaka, I., Oshima, Y., Hata, Y.,
Ishibashi, T., Inomata, H., Susin, S.A., Kroemer, G., 2001. Relocalization of
apoptosis-inducing factor in photoreceptor apoptosis induced by retinal
detachment in vivo. Am. J. Pathol. 158, 1271–1278.
Hisatomi, T., Sakamoto, T., Goto, Y., Yamanaka, I., Oshima, Y., Hata, Y.,
Ishibashi, T., Inomata, H., Susin, S.A., Kroemer, G., 2002. Critical role of
photoreceptor apoptosis in functional damage after retinal detachment. Curr.
Eye Res. 24, 161–172.
Hsu, C.D.,Whaley, M.A., Frazer, K., Miller, D.A., Mitchell, K.A., Adams, S.M.,
O'Tousa, J.E., 2004. Limited role of developmental programmed cell death
pathways in Drosophila norpA retinal degeneration. J. Neurosci. 24,
500–507.
Jiang, X., Wang, X., 2004. Cytochrome C-mediated apoptosis. Annu. Rev.
Biochem. 73, 87–106.
Jomary, C., Neal, M.J., Jones, S.E., 2001. Characterization of cell death
pathways in murine retinal neurodegeneration implicates cytochrome c
release, caspase activation, and bid cleavage. Mol. Cell. Neurosci. 18,
335–346.
Joseph, R.M., Li, T., 1996. Overexpression of Bcl-2 or Bcl-XL transgenes and
photoreceptor degeneration. Invest. Ophthalmol. Visual Sci. 37, 2434–2446.
Kalloniatis, M., Fletcher, E.L., 2004. Retinitis pigmentosa: understanding the
clinical presentation, mechanisms and treatment options. Clin. Exp. Optom.
87, 65–80.
Levin, L.A., Schlamp, C.L., Spieldoch, R.L., Geszvain, K.M., Nickells, R.W.,
1997. Identification of the bcl-2 family of genes in the rat retina. Invest.
Ophthalmol. Visual Sci. 38, 2545–2553.
Mosinger Ogilvie, J., Deckwerth, T.L., Knudson, C.M., Korsmeyer, S.J., 1998.
Suppression of developmental retinal cell death but not of photoreceptor
degeneration in Bax-deficient mice. Invest. Ophthalmol. Visual Sci. 39,
1713–1720.
Napankangas, U., Lindqvist, N., Lindholm, D., Hallbook, F., 2003. Rat retinal
ganglion cells upregulate the pro-apoptotic BH3-only protein Bim after optic
nerve transection. Brain Res. Mol. Brain Res. 120, 30–37.
Penfold, P.L., Provis, J.M., 1986. Cell death in the development of the human
retina: phagocytosis of pyknotic and apoptotic bodies by retinal cells. Graefe
Arch. Clin. Exp. Ophthalmol 224, 549–553.
Pequignot, M.O., Provost, A.C., Salle, S., Taupin, P., Sainton, K.M., Marchant,
D., Martinou, J.C., Ameisen, J.C., Jais, J.P., Abitbol, M., 2003. Major role of
BAX in apoptosis during retinal development and in establishment of a
functional postnatal retina. Dev. Dyn. 228, 231–238.
Polster, B.M., Robertson, C.L., Bucci, C.J., Suzuki, M., Fiskum, G., 2003.
Postnatal brain development and neural cell differentiation modulate
169M. Donovan et al. / Developmental Biology 291 (2006) 154–169mitochondrial Bax and BH3 peptide-induced cytochrome c release. Cell
Death Differ. 10, 365–370.
Sanchis, D., Mayorga, M., Ballester, M., Comella, J.X., 2003. Lack of Apaf-1
expression confers resistance to cytochrome c-driven apoptosis in
cardiomyocytes. Cell Death Differ. 10, 977–986.
Sokolov, M., Strissel, K.J., Leskov, I.B., Michaud, N.A., Govardovskii, V.I.,
Arshavsky, V.Y., 2004. Phosducin facilitates light-driven transducin
translocation in rod photoreceptors. Evidence from the phosducin knockout
mouse. J. Biol. Chem. 279, 19149–19156.
Spalding, K.L., Dharmarajan, A.M., Harvey, A.R., 2005. Caspase-independent
retinal ganglion cell death after target ablation in the neonatal rat. Eur. J.
Neurosci. 21, 33–45.
Strettoi, E., Volpini, M., 2002. Retinal organization in the bcl-2-overexpressing
transgenic mouse. J. Comp. Neurol. 446, 1–10.
Susin, S.A., Daugas, E., Ravagnan, L., Samejima, K., Zamzami, N., Loeffler,
M., Costantini, P., Ferri, K.F., Irinopoulou, T., Prevost, M.C., Brothers, G.,
Mak, T.W., Penninger, J., Earnshaw, W.C., Kroemer, G., 2000. Two distinct
pathways leading to nuclear apoptosis. J. Exp. Med. 192, 571–580.
Suzuki, Y., Imai, Y., Nakayama, H., Takahashi, K., Takio, K., Takahashi, R.,
2001. A serine protease, HtrA2, is released from the mitochondria and
interacts with XIAP, inducing cell death. Mol. Cell 8, 613–621.
Tsang, S.H., Chen, J., Kjeldbye, H., Li, W.S., Simon,M.I., Gouras, P., Goff, S.P.,
1997. Retarding photoreceptor degeneration in Pdegtm1/Pdegtml mice by
an apoptosis suppressor gene. Invest. Ophthalmol. Visual Sci. 38, 943–950.
Vekrellis, K., McCarthy, M.J., Watson, A., Whitfield, J., Rubin, L.L., Ham, J.,1997. Bax promotes neuronal cell death and is downregulated during the
development of the nervous system. Development 124, 1239–1249.
Wenzel, A., Grimm, C., Samardzija, M., Reme, C.E., 2005. Molecular
mechanisms of light-induced photoreceptor apoptosis and neuroprotection
for retinal degeneration. Prog. Retinal Eye Res. 24, 275–306.
Yakovlev, A.G., Ota, K., Wang, G., Movsesyan, V., Bao, W.L., Yoshihara,
K., Faden, A.I., 2001. Differential expression of apoptotic protease-
activating factor-1 and caspase-3 genes and susceptibility to apoptosis
during brain development and after traumatic brain injury. J. Neurosci.
21, 7439–7446.
Yang, L., Bula, D., Arroyo, J.G., Chen, D.F., 2004. Preventing retinal
detachment-associated photoreceptor cell loss in Bax-deficient mice. Invest.
Ophthalmol. Visual Sci. 45, 648–654.
Yin, K.J., Lee, J.M., Chen, S.D., Xu, J., Hsu, C.Y., 2002. Amyloid-beta
induces Smac release via AP-1/Bim activation in cerebral endothelial
cells. J. Neurosci. 22, 9764–9770.
Young, R.W., 1984. Cell death during differentiation of the retina in the mouse.
J. Comp. Neurol. 229, 362–373.
Zeiss, C.J., Neal, J., Johnson, E.A., 2004. Caspase-3 in postnatal retinal
development and degeneration. Invest. Ophthalmol. Visual Sci. 45,
964–970.
Zong, W.X., Lindsten, T., Ross, A.J., MacGregor, G.R., Thompson, C.B.,
2001. BH3-only proteins that bind pro-survival Bcl-2 family members fail
to induce apoptosis in the absence of Bax and Bak. Genes Dev. 15,
1481–1486.
